. We previously used a 4-thiouridine cross-linking assay to show that there are also demonstrate that the tails contribute to similar and overlapping functions, and cross-linking assays show direct protein-RNA contacts between eight commitment complex proteins and the pre-mRNA substrate (Zhang that the tails make direct contact with the pre-mRNA in a largely sequence-independent manner. Other bioand Rosbash, 1999). Three of these are Sm proteins, SmB, SmD1, and SmD3, which make direct contacts chemical assays indicate that they function at least in part to stabilize the U1 snRNP-pre-mRNA interaction.
To examine the effect on in vivo splicing, we assayed the splicing efficiency of precursor U3 small nucleolar and 9).
We then made splicing extracts from these strains and RNA (pre-U3 snoRNA) in the tail truncation strains by primer extension ( Figure 2C ; quantitation of pre-U3 assayed them by cross-linking the protein-pre-mRNA contacts in the commitment complex. As indicated by snoRNA is shown in Figure 2D ). Whereas the wild-type strain accumulates no detectable pre-U3 snoRNA, all asterisks in Figure 1D , all protein-pre-mRNA contacts were present, except those corresponding to the particSm tail-truncated cells show a substantial increase in pre-U3 snoRNA levels. U2 snRNA was used as an interular truncated Sm protein(s). For example, SmD1 is the only missing protein in the cross-linking pattern using nal control. (U snRNA levels are not affected by Sm protein tail truncations; data not shown.) The pre-U3 the SmD1⌬C extract, and there is no new band that corresponds to the size of the truncated SmD1 protein snoRNA accumulation assay correlates well with the growth rate assay, as the SmB and SmD3 truncations ( Figure 1D, compare lanes 1 and 3) . Similar results were obtained for the SmB⌬C and SmD3⌬C extracts as well have the mildest effects by both criteria, whereas the SmD1 truncation and the two double mutants have seas for the two viable double-truncated strains, SmB⌬C/ SmD3⌬C and SmD1⌬C/SmD3⌬C; we note, however, vere effects. The SmD1 truncation strain reproducibly accumulates more pre-U3 snoRNA than other strains that the assignment of the SmB protein band is somewhat uncertain as previously described (Zhang and Ros-( Figures 2C and 2D) ; we have no salient explanation for this observation. However, the overall results suggest bash, 1999). These results are consistent with the notion that the positively charged C-terminal tails of SmB, that the Sm tails contribute directly to shared or overlapping functions of U snRNPs during pre-mRNA splicing. SmD1, and SmD3 make direct contacts with the premRNA within the commitment complex. The band intensities in SmB⌬C were somewhat variable ( Figure 1D , Contacts of Tails with Pre-mRNA Contribute lane 2 and data not shown). In contrast, the band intensito Commitment Complex Stability ties in SmB⌬C/SmD3⌬C were consistently lower than To test directly for effects on an individual snRNP, we those in the other extracts ( Figure 1D , lane 5); this sugexamined in vitro commitment complex formation using gests that the formation or stability of the commitment snRNA/pre-mRNA psoralen cross-linking (see Expericomplex is compromised in the SmB⌬C/SmD3⌬C exmental Procedures for details). Consistent with the rotract (see Figures 3 and 4) . We also found that all of the bust protein-pre-mRNA cross-links ( Figure 1B) , 1996a, 1996b) . The strategy we examined the growth rates of the truncation strains more carefully (Figures 2A and 2B ). The absence of the was to present a less favorable substrate (Puig et al., 1999) . Whereas commitment complex formation as asSmB tail has no effect on growth rate, and the absence of the SmD3 tail has only a mild effect. In contrast, the sayed by psoralen cross-linking is almost insensitive to pre-mRNA cap status in the wild-type extract, very little SmD1 tail deletion strain grows poorly. We also observed strong synthetic interactions, such as that the complex formation with uncapped pre-mRNA occurs in all Sm tail-truncated extracts ( Figure 3A , lower panel). double SmB and SmD1 truncation is lethal, and that the two other double mutant combinations are viable but
The results suggest that the Sm tails make a contribution to U1 snRNP function during commitment complex forgrow poorly and show temperature-sensitive phenotypes. These synthetic interactions indicate that the mation, which is revealed in the absence of the pre- effect was in the SmB⌬C strain, and the most severe effects were in the two viable double mutant strains. To further test for an Sm tail effect on U1 snRNP function, we compared extracts in a simple immunopreThese same truncation extracts, however, had little or no effect by psoralen cross-linking with capped precipitation (IP) assay, using an antibody against a U1 snRNP-specific protein to precipitate radioactive premRNA ( Figure 3A , upper panel), indicating a difference between the two assays. This is particularly striking in mRNA without cross-linking ( Figure 3B ). In this assay, the amount of U1 snRNP-associated pre-mRNA was the case of the SmB⌬C/SmD3⌬C double truncation extract. One simple explanation is that the C-terminal tails substantially decreased in all truncation strain extracts. The data were normalized to the commitment complex contribute to complex stability and dissociate during the relatively stringent IP washes, namely, the comformation capacity of each extract, as assayed by native gel electrophoresis (data not shown). The severity of plexes are less stable in the truncation extracts. Pso- the improved growth indicates that these novel tails contribute to Sm function. We also made splicing exstrains. However, the complexes were clearly less stable in the SmD1⌬C strain and in the two double mutant strains tracts from these strains and used them in commitment complex immunoprecipitation assays ( Figure 5B ). Strik- (Figures 4A and 4B ). Taken together with the genetic interactions between the three truncation strains, the in vitro ingly, addition of either the NC or the RS7 tail to the SmD3⌬C protein rescued about 70% of the activity presresults suggest that the C-terminal tails of SmB, SmD1, and SmD3 contribute to commitment complex stability. ent in the SmB⌬C single truncation strain ( Figure 5B ). The SmD3⌬C-NC protein also restored direct cross-linkstrain and U1 snRNP were unaffected by this single amino acid insertion (Figure 6 and data not shown). After ing to the pre-mRNA substrate, suggesting that the premRNA Sm contacts take place through the C-terminal NCS cleavage, there should be only a 9.1 kDa N-terminal fragment and a 3.1 kDa C-terminal fragment. After crossbasic tails ( Figure 5C, lane 3) . The SmD3⌬C-RS7 protein, however, did not restore detectable cross-linking (Figlinking , purification, and NCS cleavage only one band was visible, at approximately 5 kDa. This band is much ure 5C, lane 4). As this protein was equally effective in the two other assays (Figures 5A and 5B) , it is likely that smaller than 9 kDa, and therefore must be derived from the smaller C-terminal tail fragment. Moreover, we have this failure is due to some subtle feature of this tail, such as the lack of appropriate residues in a proper shown previously that SmD3 binds primarily at or very close to the -2 U of the pre-mRNA 5Ј exon. As the orientation with the pre-mRNA.
To directly address the region of SmD3 that makes nucleotide sequence at the 5Ј exon and 5Ј splice site junction is AC We independently cleaved wild-type SmD3 and kDa larger than the wild-type SmD3, consistent with the mobility difference between the two intact, cross-linked SmD3⌬C-NC with CNBr. There are a total of five methionines in the wild-type SmD3, and the predicted size for proteins ( Figure 6 , compare lanes 3 and 5). As we also observed a mobility shift for the two cleaved fragments the C-terminal fragment of wild-type SmD3 is 1.1 kDa. Since there are no methionines in the NC tail and since ( Figure 6 , compare lanes 4 and 6), they cannot be the N-terminal two fragments of SmD3 and SmD3⌬C-NC, the NC tail is twice as big as the wild-type SmD3 tail, the predicted size for its C-terminal fragment is 6.2 kDa which are exactly the same. For SmD3⌬C-NC, this leaves only the 6.2 kDa C-terminal fragment. Subtracting (Figure 6, top) . The full-length SmD3⌬C-NC is about 1 complex function is compromised. There are also strong synthetic interactions when two tail truncations are combined, suggesting that all three tails contribute to overlapping functions. Of course, we do not know which Sm-dependent functions are sufficiently compromised to be rate limiting for growth. Although pre-mRNA splicing efficiency is depressed (Figure 2C ), a nonsplicing snRNP may be the rate-limiting particle for growth. Suppressor and enhancer genetics might help identify the limiting snRNP(s).
The only proposed function for the Sm complex is in snRNP assembly and nuclear transport (Hamm et al.,  1987, 1990; Fischer et al., 1993; Nelissen et al., 1994) . Therefore, the tailless strains may be deficient in snRNP activity, due to insufficient quantities per cell or to the fact that much of some snRNP is in the wrong subcellular compartment. There is no evidence that yeast nuclear snRNPs ever exist in the cytoplasm (see below). However, R. Bordonné recently reported that the basic tails of both yeast SmB and SmD1, but not that of SmD3, have nuclear localization functions, which might serve to import the Sm complex or subcomplexes (Bordonné , 2000). Although U1 snRNP levels are normal or near normal in these strains, some snRNPs might still be present in limiting quantities. Our data suggest that region. This makes the less straightforward possibility unlikely, at least for the SmD3 protein. A similar argument posits that the tail truncation effects on complex the predicted 2 kDa size of the cross-linked nucleic acid, stability are more complicated: U1 snRNP structure the size of the SmD3 cleaved fragment would be about might be subtly altered by the tail deletions, which would 1 kDa, in excellent agreement with its predicted C-termiaffect complex stability in a more indirect manner. Alnal fragment. Taken together, these cleavage data indithough this possibility is difficult to exclude (and is not cate that the cross-linking site in SmD3 is between Metexclusive with the direct contact stabilization hypothe-92 and Arg-101 of its C-terminal tail. sis), there are two indications that tail truncation snRNPs In sum, these in vivo and in vitro assays strongly sugare otherwise normal or nearly so: the relative crossgest that the tails of SmB, SmD1, and SmD3 contact linking signal intensities of the other proteins are unafpre-mRNA directly in a largely sequence-independent fected by the tail truncations ( Figure 1D ), and the contact manner. On the other hand, the failure to rescue the regions of these proteins on the pre-mRNA are ungrowth phenotypes completely by SmD3⌬C-NC and changed from the wild-type snRNP (data not shown). SmD3-RS7 suggests that tail identity still plays some Moreover, addition of the NC and RS7 RNA binding role in substrate recognition and/or snRNP structure modules to the SmD3⌬C protein improved complex forand function. mation substantially. Although the effects of the modules on formation could be through complicated and Discussion subtle modulations of U1 snRNP structure, the unrelated nature of these modules to the natural SmD3 C-terminal We have shown that removal of a single Sm tail has tail sequence makes this possibility unlikely. We therefore favor the simple view that the Sm tails make direct growth rate effects, suggesting that some feature of Sm contact with the pre-mRNA, and that this helps stabilize some of the tailless strains. Moreover, the effects are the U1 snRNP-pre-mRNA complex. We note the impordistributed among the strains differently from the effects tance of structural information, which will be required on U1 snRNP (data not shown), suggesting that the to extend this proposal of nucleic acid binding. 
